Introduction
Critical heat flux (CHF) is a phenomenon corresponding to the point where a continuous liquid contact cannot be maintained at the heated surface. Strictly speaking, this particular term refers to the heat flux corresponding to the occurrence of the phenomenon. Other terms often used are burnout, dryout, boiling crisis, and departure from nucleate boiling (DNB).
CHF results in sudden drop in heat transfer rate between the heated surface and the coolant. Beyond CHF, a small increase in heat flux leads to large increase in surface temperature for a heat-flux-controlled surface (e.g., electric heaters), and a small increase in surface temperature leads to decrease in heat flux for a temperature-controlled surface (e.g., steam condensers). This could lead to overheating damaging of the surface, corrosion in the CHF region, and reduction in the operating efficiency.
Various prediction methods for CHF have been proposed during the past 60 years. The earliest prediction methods were primarily empirical [1, 2] . These crude empirical correlations lacked any physical basis and had a limited range of application. Subsequently, a large number of phenomenological equations or physical models for CHF were developed; many of these models were subsequently used in the safety analysis of nuclear reactors, boilers, and steam generators. Physical models, however, depend on the mechanisms controlling the CHF, which are flow-regime dependent. Flow regimes change significantly during a typical transient, and this necessitates the use of a combination of different models, equations, or correlations for CHF in safety analysis codes. Since most empirical CHF correlations and models have a limited range of application, the need for a more generalized technique is obvious. Hence, look-up tables (LUTs) for predicting CHF were subsequently derived. As a basis of the generalized technique, the common local-conditions hypothesis was used; that is, it was assumed that the CHF for a water-cooled tube with a fixed tube diameter is a unique function of local pressure ( ), mass flux ( ), and thermodynamic quality ( ).
The CHF-LUT is basically a normalized water CHF data bank for vertical tubes with 8 mm in tube diameter. Compared to other available prediction methods, the LUT approach has the following advantages: (i) greater accuracy, (ii) wider range of application, (iii) correct asymptotic trend, (iv) requires less computing time, and (v) can be updated if additional data become available. The greatest potential for the CHF-LUT approach is its application in predicting the consequences of pipe breakage in reactors and boilers.
The following sections describe the background, the derivation, and the application of the CHF-LUT to predict CHF occurrence in vertical and horizontal large-diameter tubes. The CHF-LUTs specifically for 67 mm diameter tubes were generated in this work covering wide range of flow conditions of pressure, mass flux, and thermodynamic quality.
Predicting CHF in Vertical Tube
2.1. Analysis. Groeneveld et al. [3] combined the CHF data of both Atomic Energy of Canada Limited and the Institute of Physics and Power Engineering in the Russian Republic (a total of over 30 000 points) and updated the look-up table for tubes. The new table (1995 CHF-LUT) provides a better prediction accuracy (root-mean-squared error of 7.82% for dryout power prediction against 25,630 CHF experimental data points from 49 different experiments) than other lookup tables and correlations over the complete range of flow conditions. In addition, Groeneveld et al. [3] employed a multidimension smoothing procedure of Huang and Cheng [4] , which has eliminated several irregularities in the parametric trends.
The 1995 tube CHF-LUT as well as the earlier versions of the LUT have been assessed extensively. The most recent assessment was made by Baek et al. [5] using their database. Their assessment confirms the error statistics reported by Groeneveld et al. [3] and the improved prediction capability compared with previous versions of the table. Earlier assessments by Smith [6] and the developers of the RELAP code indicated the suitability of the table look-up approach and resulted in its use in system codes such as CATHARE [7] , THERMOHYDRAULIK [8] , and RELAP [9] . Considering all of these reasons, the 1995 CHF-LUT was selected as the base of the current analysis for predicting CHF in vertical tubes.
The 1995 CHF-LUT was built for water upward flow in 8 mm diameter vertical tube. To use the table for other tube diameters, Groeneveld et al. [3] derived a diameter correction factor ( dia ) such that for 0.002 m ≤ hy ≤ 0.025 m, dia = ( 0.008
and for hy > 0.025 m,
This correction factor can be multiplied by the CHF values of 1995 CHF-LUT to get the corresponding CHF for non-8 mm diameter tube as follows:
2.2. Discussion. The 1995 CHF-LUT along with (2) (for hy = 0.067 m) were used to derive a modified LUT suitable for the current application. Figure 1 shows pressure effect on the predicted CHF value at low, low-to-moderate and moderate, mass fluxes. At low mass flux (Figure 1(a) ), there is no apparent effect of pressure on CHF. At low-to-moderate and moderate mass fluxes (Figures 1(b) and 1(c) ), however, evident pressure effect was observed. For the low-to-moderate quality region (<∼0.35), which is the region of interest, CHF increases with decreasing pressure. This is similar to what is reported in the literature (e.g., [10] ).
The effect of mass flux on CHF is shown in Figure 2 . Similar to pressure effect, CHF increases with increasing mass flux then starts decreasing. The decrease in this region in CHF is due to the vapor generation rate and the interaction between vapor and liquid at the interface (see also [10] ).
As an example of the application of the LUT approach on predicting the safe operation of boilers, consider the results shown in Table 2 . For the base case, which represents the normal operating conditions of an actual boiler, CHF is unlikely to occur because it is 32 times higher than the operating heat flux. When the operating heat flux is increased by four times, the exit quality increased which results in reduction in CHF value. Even with that increase in operating heat flux, the CHF value is still much higher (6 times) than the operating heat flux. The final case is with 90% blockage of the tube which will result in reduction in mass flux and increase in quality. Table 2 shows that even with this amount of blockage it is still unlikely for CHF to occur.
Predicting CHF in Horizontal Tube
3.1. General Considerations. CHF prediction for a horizontal flow differs from that of vertical flow. For horizontal flow, flow stratification effect appears as a result of gravitational forces. For instance, in annular flow regime of vertical upward flow, the liquid film is said to be uniformly distributed (has the same thickness) on the tube wall. In the same flow regime of horizontal flow, the liquid film has greater flow thickness at the bottom of the tube while it is thinner on the upper part ( Figure 3 ). This will dramatically decrease the heat flux value at which CHF occurs specially at low mass fluxes and large tube diameters ( < 2000 kg⋅m −2 ⋅s −1 , hy > 25 mm) [3] . At high mass fluxes and smaller tube diameters, CHF is predicted for horizontal tubes in the same manner as in vertical tubes.
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To determine the stratification factor, the exact flow regime must be known. Figure 5 shows the flow-regime map for horizontal flow (modified from Taitel and Dukler [12] by [13] ). The modification included the extension of curve D into the annular flow regime (Lockhart-Martinelli's parameter, LM < 1.6), resulting in subdivision of the annular regime into homogeneous annular and stratified annular.
For stratified-flow regimes, the liquid waves will not be sufficiently large to cool the upper part of the tube which leads to a CHF value and strat of zero. If the flow regime falls in the homogeneous annular region (above the line DD ), the effect of orientation on the phase distribution is insignificant. The CHF for horizontal flow may be assumed equal to that for vertical flow and strat = 1.0. For flow conditions between curves A and D, the stratification factor strat varies from zero to unity. As a quick estimate, a linear interpolation was used to evaluate strat [14] . However, Wong [13] showed that a large portion of the horizontal CHF data was underpredicted using direct interpolation. A more accurate prediction method for strat was developed by Wong [13] . A dimensionless parameter, 1 , representing the ratio of turbulence to gravity force was derived as follows:
where Re is liquid Reynolds number, is gravitational acceleration, is void fraction, and is density. The subscripts and denote saturated liquid and vapor, respectively. The stratification factor for water was suggested as
Wong [13] showed that comparing against horizontal CHF data, prediction using (6) is superior to the method of direct interpolation. strat values were found to decrease with increasing tube diameter. The tube diameter correction factor is approximated by [13] as Coordinates: F versus X LM K versus X LM T versus X LM Figure 5 : Modified, generalized, flow-regime map for horizontal flow [13] . Therefore, using the table look-up technique, the CHF in a horizontal tube is calculated with CHF hor = 1 strat CHF ver . (iii) in addition, corrosion potential is higher due to the change in flow direction and due to partial/complete dryout.
So, more detailed examination is performed on the horizontal flow configuration. The vertical CHF-LUT was used with (6) and (7) to build a LUT for CHF in horizontal flow. The resulting LUT is shown in Table 3 for the same conditions of the vertical tube table. It is clear in the table that the CHF values are much less for the horizontal flow than those of the vertical flow for the same pressures, mass fluxes, and qualities. Figure 6 shows the effect of pressure on CHF for different mass fluxes. In all cases, the CHF value decreases with increasing pressure. In Figure 6 (a) one can expect that flow stratification is high which results in low values of CHF for the whole range of qualities. At higher mass fluxes ( Figures  6(b) and 6(c) ), the pressure effect is weakened at quality of about 0.4 followed by sudden drop in CHF values. This drop in CHF results from the high quality which leads to stronger effect of flow stratification.
The effect of mass flux on CHF is shown in Figure 7 . For qualities less than 0.4 the CHF value increases with increasing mass flux. At higher qualities, the sudden drop in CHF leads to a reverse effect of mass flux.
Similar to the vertical flow analysis, some cases of boiler operation conditions are investigated and the results are shown in Table 4 . The results show that for the base case (normal operation conditions) the CHF value is seven times higher than the operating heat flux. So for this case, any failure of the boiler tube may result due to other causes than dryout (e.g., corrosion). Although at this CHF value, it is still safe to operate the boiler, the safety margin is much less than that of a vertical flow.
The second case of Table 4 is for high heat flux. In this case, the CHF value is not much higher than the operating heat flux, and CHF could happen for this case. Also for the case of 80% tube blockage, CHF is very close to the operating heat flux. At 90% tube blockage the whole flow is affected by flow stratification, and the CHF is lower than the operating heat flux. This is likely to lead to complete dryout of the boiler 8 Science and Technology of Nuclear Installations tubes causing either failure of the tubes or accelerating the corrosion.
To determine the safety limits of the boiler, an allowable heat flux was taken to be 50% of the corresponding CHF. Figure 8 shows the safety operational limits at different pressure. As the CHF is expected to occur downstream of the flow, corresponding exit qualities are show on the same figure.
The boiler will operate safely as long as the operation conditions are to the left of the heat flux line and the mass flux is above the intersection of the exit quality line and the heat flux line. For example, at a pressure of 6000 kPa and a heat flux of 300 kW⋅m −2 , the mass flux should not be below 800 kg⋅m −2 ⋅s −1 and the quality should be to the left of the 300 kW⋅m −2 curve. 
Procedures of Determining Safety Limits Using the LUT Approach
The LUT can easily be used to determine the safety limits of boiler operations by applying the following steps.
(1) Determine the operating pressure ( ). 
(3) Calculate the thermodynamic equilibrium quality ( ). The CHF occurrence is expected at higher qualities which means downstream of the flow. The quality at any location along the boiling length can be obtained using the heat balance equation such that
where in is the inlet quality, is the heat flux, and is the latent heat of vaporization. The CHF-LUT can easily be programmed into a computer code for quick interpolation and other calculations.
Other Considerations
The CHF-LUTs for this work are developed for steady-state water flow in uniformly heated tubes with inside diameter of 67 mm. During normal operation of reactors, boilers, and steam generators, the heat flux is nonuniform. Also the flow fluctuates in pressure and mass flux. For such cases, the CHFLUTs still can be used with some considerations.
Most CHF measurements have been obtained in uniformly heated tubes because of relative ease in construction of the test section and known location of dryout (downstream end of heated length). Hence, the large majority of CHF prediction methods were derived based only on the data of uniformly heated channels. A change in axial-flux distribution (AFD) from uniform to nonuniform can have an effect on the location of dryout and magnitude of CHF or dryout power since:
(i) the location of dryout may shift from the downstream end to well upstream from the downstream end (the shift in initial-dryout location depends primarily on the shape of AFD and flow conditions), and (ii) the location of dryout and magnitude of CHF is affected by upstream history of the flow (flow memory effect).
Yang et al. [15] performed experimental study on the effect of AFD on CHF. They concluded that the AFD effect on CHF power is relatively small. The CHF power increases slightly as a result of AFD change from uniform to nonuniform in addition to the shifting in CHF location at low inlet qualities. This slight increase in CHF, especially at low inlet temperature, makes it more conservative to apply the CHF-LUT.
El Nakla [16] showed that the steady-state CHF prediction techniques can be used to predict flow oscillation and flow transients CHF with great accuracy. The method used in such cases is applying the instantaneous local conditions of the flow. For instance, if the flow is oscillating, then it is only needed to determine the flow conditions ( , , and ) at a specific instant, and by using these values along the CHF-LUT, the safety limits can be determined as in steady-state cases.
Corrosion of tubes might play a major role in boiler tube failure especially after a sudden turn and in horizontal flow where flow stratification could result in dryout or partial dryout in the tube. Collier and Thome [10] provided that the corrosion in such flow configurations is very quick, and they also summarized some of the previous work on the topic.
Conclusions
Two look-up tables were developed to predict critical heat flux in vertical and horizontal boilers tubes. The tables are applicable for 67 mm diameter tubes with water as coolant. These tables cover wide range of flow conditions ( = 100-7000 kPa, = 100-2000 kg⋅m −2 ⋅s −1 , and = −0.15-0.80) so that they can be used during normal operation as well as during accident scenarios and flow oscillation.
The derived CHF-LUTs show correct asymptotic trends compared to those reported in the literature. The prediction accuracy for the vertical LUT is expected to be better than that of the horizontal one. This is due to the less imposed correction on the vertical flow table and the general practice in applying the table for vertical flow. The results of the analysis showed that the vertical flow will unlikely experience any dryout while the chances are much higher for dryout in the horizontal part.
